Improving the anti-demineralizing/remineralizing and mechanical properties of amorphous calcium phosphate (ACP) composites has been the focus of our recent research. In this study, an ethoxylated bisphenol A dimethacrylate (EBPADMA) was blended with triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA) and methacryloxyethyl phthalate (MEP) to form experimental resins with different EBPADMAJTEGDMA molar ratios (0.50, 0.85 and 1.35) and a constant HEMAJMEP molar ratio (8.26). Composites were prepared by admixture of either unmilled or milled zirconia-ACP filler (40% by mass) and photo-activated resin (60% by mass). One aim was to test if improved ion release can be achieved by elevating the EBPADMAJTEGDMA ratio while lowering the level of surface active methacryloxyethyl phthalate in the resin without adversely affecting the biaxial flexure strength (BFS), degree of vinyl conversion (DC) and water sorption (WS) of composites. A second aim was to assess the effect of using milled vs. unmilled ACP on these properties. Ion release of all composites was significantly above the theoretical minimum necessary for remineralization. Calcium ion release was not impeded by binding with the carboxylic acid groups of MEP. Increased supersaturation was attained with increasing EBPADMAJTEGDMA ratio in the resin. Variations in resin composition had no effect on BFS or DC of composites. The BFS of the milled ACP composites was higher than the BFS of unmilled ACP composites (56%) and 797'1, respectively for dry and wet specimens). DC of composites was only moderately reduced (13.6'% and 7.3'%1, for ucmilled and milled ACP, respectively) compared to unfilled resins.
Introduction
Traditional polymeric dental composites are multiphase materials consisting of a resin matrix phase activated for free radical polymerization and a reinforcing glass phase that has been surface treated with a silane coupling agent. On polymerization these two disparate phases interact to form a complex third phase called the interface. A unique bioactive composite was developed recently with the potential to remineralize minor defects in tooth structure, and also provide an anti-cariogenic or anti-demineralizing environment to prevent further tooth decay. These anti-cariogenic and remineralizing properties derive from the filler phase of the composite, i.e. amorphous calcium phosphate (ACP), that on exposure to an aqueous milieu releases in a steady, sustained manner, calcium and phosphate ions. ACP polymeric composites formulated as sealants, basing materials, orthodontic cements, etc. have been the focus of our recent research [l-51. ACP, a precursor to apatite formation both in vitro and in vivo [&9] readily converts to apatite by a complex, surface-mediated dissolution and recrystallization. This propensity, primarily controlled by the chemistry of the microenvironment [lo-131, makes ACP suitable as a mineralizing agent. ACP also has been proven to be more osteoconductive than apatite in vivo [14] and its biodegradability was found to be higher than that of tricalcium phosphate [15] . As the filler phase in polymeric composites current forms of ACP enhance the modulus of the polymeric matrix phase, but have an adverse effect on mechanical strength, in contrast to conventional, silanized glass-reinforced dental composites. To overcome this shortcoming, we have lately focused our attention on the role of matrix structure and composition as a tool to control the physicochemical and mechanical properties of ACP composites. A primary goal of this study was to assess if improved ion release of these composites could be achieved by elevating the ethoxylated bisphenol A dimethacrylate (EBPADMA)/triethylene glycol dimethacrylate (TEGDMA) ratio while lowering the level of surface active methacryloxyethyl phthalate (MEP) [4, 16] in the EBPADMA/TEGDMA/2-hydroxyethyl methacrylate (HEMA)/MEP resin system without adversely affecting biaxial flexure strength, degree of vinyl conversion and water sorption of composites. A second goal was to compare the effects of unmilled vs. milled ACP on these properties by formulating the composites with ACP fillers of distinctively different particle size distribution [as-made (heterodispersed) ACP, and milled (fine) ACP].
Materials and methods

Synthesis and evaluation of zirconia-ACP (Zr-A CP) fillers
Zr-ACP was precipitated instantaneously in a closed system at 23 "C upon rapidly mixing equal volumes of a 800 rnmol/L Ca(N03)2 solution, a 536 mmol/L Na2HP04 solution that contained a molar fraction of 2% Na4P207 as a stabilizing component for ACP, and an appropriate volume of a 250 mmol/L ZrOC12 solution (mole fraction of 10% ZrOC12 based on the calcium reactant [2, 4] ). The reaction pH varied between 8.6 and 9.0. The suspension was filtered, the solid phase was washed subsequently with ice-cold ammoniated water and acetone and then lyophilized. Dry Zr-ACP (designated unmilled) was kept in a desiccator until its utilization in the composite preparation. A portion of this unmilled Zr-ACP was mixed with high density Zr02 balls (2 mm in diameter; Glen Mills, Inc., Clifton, NJ, USA) in isopropanol (added in an amount sufficient to cover the Zr-ACP/Zr02 mixture) and milled (ball-milling machine, Dayton Electric MFG Co., Chicago, IL, USA) at 57 rad/s for 2.5 h. Zr-ACP solid was separated from the Zr02 balls by sieving, the residual isopropanol removed by rotary evaporation (approx. 2 h at 50 "C), and the milled powder was vacuum-dried at 40 "C for 24 h (designated milled Zr-ACP). Milled Zr-ACP was also kept in a desiccator until used in composites. Analytical methods/techniques used to characterize ACP fillers and the results of the analyses are summarized in Table 1 .
Formulation cf t h t~ resins
The experimental resins were formulated from the commercially available dental monomers and components of the pl~otoinitiator system ( Table 2 ). The indicated acronyms will be used throughout this manuscript. Compositions of the experimental resins and their acronyms are given in Table 3 .
Preparation of composite and copolymer (unfilled resin) disk specimens
Composite pastes were made from mixing the ETHM resins ( face and a Teflon bottom layer to prevent the resin from seeping out the bottom of the mold. The resin was poured into the cavity, and the filled cavity was then covered with Mylar film and a glass slide. The assembly was not clamped together by spring clips to avoid introducing air voids. The unfilled copolymer disk specimens were first photo-polymerized on the glass slide-face of the mold for 120 s, and then these cured disks were removed from their molds and cured on the reverse side for an additional 120 s.
Physicochemical and mechariical assessment of copolymers and composites
The extent of vinyl conversion attained upon polymerization of copolymers and composites (number of samples, n 2 8/group) was measured by mid-Fourier transform infra-red (FTIR). Changes in the 1637 cm-' absorption band for the vinyl group were monitored against the absorption band of the phenyl ring at 1582 cm-I (used as internal standard) immediately after and 24 h after photocuring at 23 "C.
Mineral ion release from each individual composite disk specimen ( n 2 3/group) in a continuously stirred, HEPESbuffered (pH = 7.40) 240 mOsm/kg saline solution, was examined at 23 "C. Ca and PO4 levels were determined at predetermined time intervals by utilizing spectrophotometric analytical methods [17, 18] . Data were corrected for variations in the total area of surface disk exposed to the immersion solution using a simple relation for a given surface area (in mm2), A: normalized value = (measured and the ratio of the surface-bound mobile water/structurally incorporated water (approx. ratio of 2.5) of the fillers was unaffected by milling Average calcium/phosphate = ( 1.89 i 0.9). unaffected by milling, was higher than theoretically expected (1.50) due to the formation of HCI-insoluble amorphous Zr phosphate (approx. 22%) by mass) during Zr-ACP synthesis Table 3 Composition (% by massa) of experimental resinsb assessed in the study mass of a dry specimen ( Wo; initial dry value) by using the equation:
Mechanical strength of copolymers and composites (n 2 51group) was assessed under biaxial flexure conditions [19] . Biaxial flexure strength of dry and wet disk specimens (after 40 days of immersion in HEPES-buffered, pH = 7.40, saline solutions at 23 "C) was determined by using a computer-controlled Universal Testing Machine (Instron 5500R, Instron Corp., Canton, MA, USA; crosshead speed: 0.5 mmlmin) operated by Testworks4 software. The failure stress was calculated according to the ASTM specification F417-78 [20] . by analysis of variance (ANOVA; a = 0.05). Significant
Photoinitiator system comprised of a mass fraction of 0.20% CQ and 0.80% 4EDMAB.
differences between specific groups were determined by all pair-wise multiple comparisons (two-tail t-test; unequal variances).
The following procedure was applied to determine water sorption of copolymers and composites specimens (n 2 51 group): disk specimens were initially dried over anhydrous CaS04 until a constant mass was achieved ( f 0.1 mg). The specimens were then exposed to an air atmosphere of 75% relative humidity at room temperature (23 "C) by keeping them suspended over a saturated aqueous NaCl slurry in closed systems. Gravimetric mass changes were recorded at 3 d, 5 d, 7 d, 10 d, 24 d, 35 d and 41 d of exposure to this relative humidity. The water sorption (mass fraction %) of any individual specimen at any given time interval (t) was calculated by relating its mass at the time t, W,, and the
Results
Degree of vinyl conversion
The mid-FTIR conversion results for the various resin formulations and their composites compiled in Fig. 1 showed that the degree of vinyl conversion attained at 24 h compared to the degree of vinyl conversion immediately after curing increased on average by (13.5 f 2.7)%. Statistical analysis of the 24 h data revealed an average (80.2 f 3.1)'/0 of vinyl conversion in the copolymer series. In both composite series, the degree of vinyl conversion decreased in the following order: ETHMI (ETHMII, ETHMl11). Immediate and 24 h degree of vinyl conversion of composites was reduced by up to 13.6%) (unmilled ACP) and up to 7.3% (milled ACP) compared to their corresponding copolymers.
Ion release fi-om composites
Kinetic profiles of calcium and phosphate release from ACP composites are shown in Fig. 2a and b , respectively. The maximum concentrations of calcium and phosphate released from composites after 720 h of immersion in buffered saline are compared in Fig. 3 . The immersion solutions containing the maximum concentrations of calcium and phosphate (Table 4) were all supersaturated with respect to apatite. Attained supersaturation levels were significantly above a minimum necessary for mineral redeposition (A@ < 0) [4] to occur. The apparent increase in the maximum calcium and phosphate levels with the increasing EBPADMAITEGDMA ratio in the resin was found statistically significant for both types of ACP composites ( Fig. 3 ; 0.04 3 p 3 0.0001, at 95% confidence level).
Water sorption
Comparisons of the maximum levels of water sorption (mass fraction O h ) following 41 d exposure to 75% relative humidity for copolymers, unmilled and milled Zr-ACP composites are given in Fig. 4 . Copolymers adsorbed a maximum of a mass fraction of 1.28-1.71% water. Unmilled ACP composites adsorbed a mass fraction of 2.24-2.52% and the milled ACP composites adsorbed a mass fraction of 1.65-2.12% water. The water sorption of copolymers and milled ACP composites decreased with the increasing EBPADMAITEGDMA ratio in the resin in the following order: ETHMI > ETHMII > ETHMIII.
Biasial flexure strength
The results of the biaxial flexure strength testing of dry and wet copolymers and composites are summarized in Significantly, milled ACP composites maintained higher strength (56% and 79%, respectively) in both the dry and wet state compared to unmilled ACP composites.
Discussion
The goal of this study was to establish if improved ion release from ACP-filled ETHM resin composites is achievable by increasing the EBPADMAITEGDMA levels while maintaining a relatively constant level of surface active comonomers (HEMA and MEP) in the matrix. The desired effect on the ion release was attained without adversely affecting the biaxial flexure strength or degree of vinyl conversion of composites. Moreover, by increasing the EBPADMA content in the ETHMIII resin, water sorption was reduced for both this copolymer and its milled ACP composite.
Degree of vinyl conversion
EBPADMA, a relatively hydrophobic analog of 2,2-bis[p-(2'-hydroxy-3'-methacryloxypropoxy)phenyl~ropane (Bis-GMA; a base monomer utilized in a majority of commercial dental materials) has been shown to provide resin systems that reach high vinyl conversion upon photocuring and, therefore, have a minimal potential for leachingout the unreacted monomeric species [4] . ACP composites based on such formulations are likely to be more biocompatible than resin systems of lower degree of vinyl conversion values that may contain leachable organic species. A sought-after effect of EBPADMA on the degree of vinyl conversion is attributed primarily to the greater flexibility and hydrophobicity coupled with the lower viscosity and vinyl group concentration/mole of this monomer compared to Bis-GMA. Surprisingly, no correlation was established between the degree of vinyl conversion and the increasing levels of EBPADMA in the ETHM copolymer (unfilled resin) series. A maximum reduction in degree of vinyl conversion of 13.6% established for unmilled ACP composites compares well with the reduction in degree of vinyl conversion observed in Bis-GMA and previous EBPADMA-based binary and ternary resin composites utilizing the same type of ACP filler (14.3% [4] ). Milled ACP composites, however, showed a lesser reduction in attained conversion (7.3% relative to copolymers) compared to the coarser unmilled ACP-filled composites. The effect can again be attributed to a more intimate contact between the milled ACP and the matrix that, in turn, improves translucency and photo-polymerization efficacy.
Ion release ,from composites
The kinetics of calcium and phosphate release from ACP-filled composites is generally determined by nature of the polymer matrix network structure, the polymer's permeability to water, internal pH and the rate of internal ACP to apatite conversion. Ion release data and the calculated remineralizing potential (Fig. 3 and Table 4 ) of the experimental ACPIETHM composites correlated well with the EBPADMAITEGDMA molar ratio in the resin. All other factors being equal, it is expected that ETHM resins with the higher EBPADMAITEGDMA molar ratio would At a relatively low concentration of MEP, i.e., 2.6%) by mass in the resin, no consumption of the released calcium by the MEP's carboxylic groups occurred. Calcium-MEP binding could not be detected when disks made of ETHMI, ETHMII or ETHMIII copolymers were exposed to buffered saline solutions initially containing 1.5 mmol/L calcium.
Wrrter sorption
Water sorption is considered one of the key properties of dental polymers and composites since it controls not only their mechanical properties but also affects the glass transition temperature [21] via plasticization, solvation, EBPADMAKEGDMA molar ratio and disruption of the polymer matrix [22] . A relationship between the maximum water sorption and the molar ratio EBPADMAITEGDMA in the polymer matrix (Fig. 7) could be described by the following equations for unfilled resins, unmilled ACP composites and milled ACP composites, respectively: water sorption = -0.58(EBPADMA/TEGDMA molar ratio) 
water sorption = -0.56(EBPADMA/TEGDMA molar ratio)
The observed decrease in water sorption with the increasing EBPADMAITEGDMA ratio is probably related to the increasing overall hydrophobicity of the resin matrix as the level of relatively hydrophobic EBPADMA monomer increases. The water sorption of the ACP composites is also affected by ACP's affinity for water, increasing between 42% and 75% and 20% and 29%, for unmilled ACP and milled ACP composites, respectively, compared to the unfilled resins. The lower water sorption of milled ACP composites in comparison with the unmilled ones is most likely related to a better dispersion of milled ACP filler throughout the polymeric matrices and the lesser number of water absorption-prone subsurface voidsldefects (typically observed with the coarse ACP filler [5] ) existing in these composites.
in the biaxial flexure strength of milled ACP composites is attributed to the higher quality of the fillerlmatrix interface that is less vulnerable to spatial changes that may occur in the filler phase during the calcium and phosphate release. Unmilled ACP/ETHM composites, on the other hand, because of the uneven dispersion of larger, highly agglomerated ACP have less integrated and more defective filler/ resin interfaces resulting in pronounced weakening of these specimens upon soaking. Surface analytical methods, such as micro-FTIR spectroscopy and small-angle neutron scattering, are currently being used to probe the interface created by the interaction of ACP with the resin matrix.
Conclusions
Enhanced remineralizing potential for ACP polymeric composites is achievable by elevating the EBPADMAI TEGDMA ratio and by reducing potentially adverse calcium binding with the reactive carboxylic groups by limiting the amount of methacryloxyethyl phthalate. Water sorption of composites may be reduced by fine-tuning of the resin and by utilizing milled ACP as a replacement for the coarser, unmilled ACP filler. There also seems to be a trend of improved vinyl conversion with milled ACP composites compared to those formulated with unmilled ACP. Significantly, milled ACP composites maintained higher biaxial flexure strength upon aqueous exposure. Both the polymer matrix composition and particle size and distribution of the filler phase appear to play an important role in shaping the physicochemical properties of these bioactive composites.
BiaxialJexure strength
Disclaimer The biaxial flexure strength of both dry and wet copolymers and composites (Fig. 5) was unaffected by the resin composition. The type of the filler, however, had a major effect on the mechanical strength of the composites. Conlposites formulated with milled ACP as the filler phase exhibited greater mechanical strength compared to similar composites containing unmilled ACP. The introduction of unmilled ACP fillers into dental polymer matrices typically results in the dramatic reduction in the biaxial flexure strength of composites compared to the corresponding -unfilled polymers [4] . Significantly, this marked decrease in strength was not observed with the dry milled ACP/ ! ! ETHM specimens. The greater strength of dry milled ACP composites is probably due to the presence of less or smaller sized defects in the microstructure of these composites compared to similar unmilled ACP composites. The smaller particle size and the narrower size distribution of the milled versus the unmilled ACP and, perhaps, a smoother surface topology accounts for the better dispersion (with fewer defects) of this type of filler into the polymer matrix. Even after exposure to water, these composites were, on average, only 24% weaker than their corresponding copolymers, compared to a 58% reduction in the strength of unmilled ACP composites. This lesser reduction Certain commercial materials and equipment are identified in this work for adequate definition of the experimental procedures. In no instance does such identification imply recommendation or endorsement by the American Dental Association Foundation or the National Institute of Standards and Technology, or that the material and the equipment identified is necessarily the best available for the purpose.
